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\Intmduction
; . . . |
Considerable interest has been directed at

measuring intracellular ionized calcium con-

centration ([Caﬁ]i) in livine cells. Calcium

has an imponant role in a number of cellular

functions, and perhaps most interestingly,

can function to transmit information from

the cell membrane to regulate diverse cellu-

lar functions. Until the early 1980s it was not

possible to measure [Cat}; in small intact

cells, and attempts to measure cytosolic cal-

cium were restricted mostly to large inverte-.
brate cells where the use of microelectrodes
was possible. A new family of fluorescent

dyes was developed by Tsien et al. [80], and

with quin2; it was possible for the first tim
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Task No. M0095.003-1007, and by National Insti-
tutes of Health Grant AG01751. The opinions and
assertions expressed herein are those of the authors
and are not to be construed as official or reflecting the
views of the Navy Department or the naval service at
large.

1 We thank Drs. J.A. Ledbetter and T.M. Chused
for helplul comments, and D.S. Smoot and C. Kim
for 1echnical assistance.
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%to measure [Ca}_}]; in virtually any popula- i

tion of cells. In 1985, a second family of dyes
was developed with the invention of fura-2
and indo-1 [23], and it became possible to
measure [Cﬁ]i in intact single cells of
nearly all types. The purpose of this review is
to discuss the measurement of [Caf*); using
flow cytometry to analyze cells loaded with
the fluorescent probe indo-1, and to survey
the results to date, As can be seen in figure |,
the number of p&blicalions concerning in-
do-1 is increasing at an exponential rate, and
therefore, this review must be selective in
nature. For altermative techniques for the
analysis of intracellular calcium concentra-
tion, several excellent reviews are available
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Fig. 1. Tne cumulative number of publications
that involve the use of indo-1 (through January 1988)
is plotted versus the year of publication.

endoplasmic reticulum and mitochondria
[66, 84]. The ‘ransfer of calcium across the
plasma membrane is regulated by calcium
channels which may be voltage gated or re-
ceptor operated, the Na*/Ca** exchanger,
and the Ca?*-ATPase pump [63, 66]. Plasma
membrane calcium influx can be initiated by
membrane depolarization which opens vol-
tage-gated channels or by the binding of
ligands to receptor-operated channels. Cellu-
lar calcium homeostasis is maintained by the
Nat*/Ca** exchanger, which is a high capaci-
ty, low affinity system and the Ca2+-ATPase
pump, a low capacity, high affinity system;
both extrude calcium in order to maintain
(Ca?*]; within a narrow range.

The mechanism by which the calcium
concentration increases in cells involves a
series of complex biochemical reactions of
which the precise details remain speculative,
and is not simply the result of the opening of
channels that permit calcium to be trans-
ported down its electrochemical gradient.
The binding of agonist to its specific mem-
brane receptor causes the activation cf phos-

pholipase C which requires the intervening
activation of a guanine nuclectide binding
(G) protein [21]. Phospholipase C causes
the hydrolysis of a memb:ane phospho-
lipid, phosphatidylinsoitol 4,5-bisphosphate
(P1P2) which yields a water-soluble product,
inositol 1,4,5-trisphosphate (IP3) and a lip-
id, 1,2-diacylglycerol (DAG) [8). IP3 then
causes the release of calcium from intracellu-
lar stores while DAG in conjunction with
calcium ions activates protein kinase C.
Thus, a single agonist can result in the pro-
duction of at least two ‘second messengers’
making the polyphosphatidylinositide path-
way a unique, bifurcating system. Calcium is
therefore a ‘third messenger’ that controls
numerous cellular processes (table [). While
it appears clear that the initial elevation of
ionized calcium is due to the release of intra-
cellular calcium stores, little is known about
regulation of the influx of calcium from ex-
tracellular sources that is necessary to sus-
tain the response. Recent evidence indicates
two additional products of IP3, inositol 1:2-
cyclic 4,5-trisphosphate (cIns{:2,4,5P3) and
inositol 1,3,4,5-tetrakisphosphate (I1P4), also
have second messenger function in that they
are active in mobilizing cellular stores of cal-
cium. The production of IP4 may be regu-
lated in part by the cytosolic calcium concen-
tration [91].

Flow Cytometric Assay with indo-1

Loading of Cells with indo-1

Uptake and retention of indo-1 ([1-[2-
amino-5-[carboxylindol-2-yl}-phenoxy]-2-2’-
amino- 5" -methylphenoxylethane N,N,N’N’-
tetraacetic acid) is facilitated by the use of
the acctoxymethy! ester of indo-1: this cell
permeant form diffuses freely into the cyto-
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Table I. Growth factors and agents that elevate cellular calcium in mammalian cells

Factor

Receptor

Tissue/cell type

Acetylcholine

M1 muscarinic receptor

nerve tissue, SMC

Angiotensin 11

adrenal cortex, SMC, hepatocytes

VIR O TRV Y

Antigen 1gM,1gD; TCR B and T lymphocytes

Antigen IgE mast cells

ATP, ADP P2 purinergic receptor lymphocytes, platelets, epithelial cells
BCGF B lymphocytes

Bradykinin fibroblasts, carcinoma cells
Cholecystokinin pancreas, SMC

EGF c-erb-B fibroblasts, hepatocytes, carcinoma cells
Eptnephrine alpha-1-adrenergic receptor SMC, hepatocytes

f-MLP neutrcphils

GnRH pituitary

GRP, bombesin lung carcinoma cells

Glucagon o liver

Glutamate - T nerve tissue

Histamine H! histaminergic receptor SMC, nerve tissue, endothelial cells
5-Hydroxytryptamine Slc and S2 serotonergic receptors  SMC, nerve tissue

Oxytocin uterus, mammary epithelium

PAF platelets, monocytes

PDGF PDGFR fibroblasts, SMC

Sperm ovum

Substance P nerve tissue, epithelial cells
Thrombin, collagen platelets

TRH pituitary

Vasopressin V1 receptor SMC, fibroblasts, hepatocytes

BCGF = Low molecular weight B cell growth factor; EGF = epidermal growth factor; f-MLP = formyl-
methionyl-leucyl-phenylalanine; GnRH = gonadotropin-releasing hormone; GRP = gastrin-releasing peptide;
PAF = platelet-activating factor; PDGF = platelet-derived growth factor; SMC = smooth muscle cells; TCR = T

cell receptor; TRH = thyrotropin-releasing hormone.

-

plasm where it serves as a substrate for ester-
ases which hydrolyze the dye to the imper-
meant form [79). After loading, cells must be
washed to reduce extracellular indo-1 con-
centrations, preferably to 10 nM or lower
[64). The efficiency of cellular dye uptake
and trapping is ~20% in cells loaded under
these conditions.

The lower limit of useful intracellular
loading concentrations of indo-!I is deter-

mined by the sensitivity of fluorescence de-
tection of the flow cytometer and the upper
limit is determined by avoidance of buff-
ering of [Ca2t]; by the presence of the cal-
cium chelating dye itself. Fortunately, in-
do-1 has excellent fluorescence characteris-
tics (30-fold greater quantum yield than
quin? at a given dye concentration {23]) and
useful ranges of indo-1 loading have been

described by several authors. For human pe-
]
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Fig. 2. Heterogeneity of calcium mobilization
among the CD8 subset of T cells is related to expres-
sion of the CD16 antigen. A Peripheral blood lym-
phocytes were loaded with indo-1 and stained with
PE-conjugated CD8 antibody G10-1 and FITC-con-
jugated CD16 antibody FC-2. B The cells were ana-
lyzed at 500 cells/s, and stimulated with 10 yig/mi

ripheral blood T cells, we have reported ade-
quate detection at or above 1 pM loading
concentrations (cells incubated for 40 min
medium at 37 °C), conditions that athieve
~ S pM intracellular indo-1. Buffering of
[CaZ*]; was observed as a slight delay in the
onset of the rise in [Ca2*}; and a reduction in
peak [Ca?t]; seen with 20 pM loading
(160 M intracellular concentration), and a
retarded rate of return of {Ca2*]; to baseline
values was seen at loading concentrations
above 3 uM (22 pM intracellular concentra-
tion) [64]. In examination of murine B cells,
Chuged et al. {13] reported reduced peak and
delayed re-equilibration of {Ca?*]; at loading
concentrations above | uM. We have con-
firmed that antigen receptor induced cal-
cium transients appear to be more suscepti-

30 40 & 60 7 80 980 100 B . .
- . ' : T " Time, min

0

CD3 antibody G19-4 at time =2 min. The percent of
responding cells that developed increased {Ca®];, as
determined by changes in indo-1 fluorescence (not
shown) is plotted versus time by electronically gating
on the CD8tishw/CDI6-, CD84™/CDI16-, and
€D8dim/CD16* subpopulations. The response of the
CD8- cells is not shown.

ble in B cells than in T cells to increased con-
centrations of indo-1, suggesting that the
mechanism of calcium mobilization differs
in the cells (fig. 2). For human platelets, a
2 uM loading concentration (I5min at
37 °C) has been reported [16].

Rates of loading of the indo-1 ester can be
expected to vary between cell types, for ex-
ample, as a consequence of variations in
intracellular esterase activity. In human pe-
ripheral blood, visual inspection sufTices to
reveal more rapid rates of loading of plate-
lets and monocytes than in lymphocytes.
The T-cell line Jurkat loads more rapidly
than peripheral blood T cells [64). Even
within one cell type, donor or treatment-spe-
cific factors may affect loading; for example,
Miller et al. {55] observed reduced rates of

]
+
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indo- [ loading in splenocytes from aged ver-
sus young mice.

The, analysis of {Ca?'}; using indo-1 is
predicated upon distribution of the dye uni-
formly within the cytoplasm. In several cell
types, the related dye fura-2 has been reported
to be compartmentalized within organelles
[18, 51]. In at least one case, that of bovine
aortic endothelial cells, fura-2 is localized to
mitochondria; however, indo-1 remains dif-
fusely cytopiasmic [76]. In lymphocytes, there
appears to be no microscopic evidence of sub-
cellular localization of indo-1, and concur-
rence of calibration experiments with pre-
dicted results (see below) makes such localiza-
tion appear not to be a practical complication
in analysis of this cell type. In each applica-
tion of the flow cytometric technique with
indo-1 it seems advisable to examine the cel-
lular distribution of indo-i1 microscopically,
and to confirm the expected behavior of the
dye in the presence of high cytoplasmic Ca2*
levels as part of the calibration procedure
described subsequently.

As an additional caveat, it has been sug-
gested that both fura-2 and indo-1 may be
incompletely deesterified within some cell
types [48, 71]. Since the ester has little fluo-
rescence spectral dependence upon Calt, the
presence of this dye form could lead to false
estimates of [Ca2*];. Again, results of calibra-
tion experiments are helpful to exclude this
possibility.

Indo-1 has been found to be remarkably
nontoxic to cells subsequent to loading.
Analysis of the proliferative capacity of
either human T lymphocytes [64] or murine
B lymphocytes [13] has shown unaltered be-
havior of cells after loading with indo-1. This
is especially pertinent to applications of sort-
ing of cells based on [Ca?'];, as described
subsequently.

Finally, one incidental benefit of loading
of indo-1 by use of its acetoxymethyl ester is
that this procedure, like the more familiar
use of fluorescein diacetate or carboxyfluo-
rescein diacetate, discriminates between live
and dead cells. The latter will not retain the
hydrophilic impermeant dye and will be ex-
cluded during subsequent analysis.

Instrumental Technigue

The absorption maximum of indo-1 is
between 330 and 350 nm, depending upon
the presence of calcium [23]; this is well
suited to excitation at either 351-356 nm
from an argon ion laser, or to 337-356 nm
excitation from a krypton ion laser. Laser
power requirements depend upon the choice
of emission filters and optical efficiency of
the instrument; however, it is our observa-
tion that although 100 mW is often routinely
employed, virtually identical results can be
obtained with 10 mW. This should allow, in
principal, the use of less expensive helium-
cadmium lasers. Stability of the intensity of
the excitation source is less important in this
application than most others, because of the
use of the ratio of fluorescence emissions.
Analysis with indo-1 has also been per-
formed sing excitation by a mercury arc
lamp (FACS Analyzer, Becton Dickinson).

An increase in [Ca?']; is detected with
indo-1 as a ratio of two emission wave-
lengths. The choice of filters used to select
these wavelengths is dictated by the spectral
characteristics of the shift in indo-I emission
upon binding to calcium [23]. Bandpass fil-
ters (multicavity, 20 nM bandwidth) can be
chosen to be centered on the ‘violet’ peak
emission of the calcium-bound indo-1 dye
(400 nm) and free indo-1 dye ‘blue’ emission
(485 nm). However, wavelengths nearer the
isobestic point do not exhibit as large a

'
.
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Table I1. Effect of wavelength choice on calcium-sensitive indo-1 ratio shifts!

Wavelength pair, nM Runax R min R S/Seo Rmar/Rumin Rma/R
475/395 2.33 0.040 0.352 33 58.2 6.62
475/405 2.38 0.100 0.410 33 23.8 5.80
495/395 3.51 0.048 0.429 4.2 73.4 8.18
495/405 3.59 0.119 0.501 4.2 30.2 7.17
515/39S 5.75 0.070 0.644 4.63 82.1 8.93
5157405 5.88 0.176 0.752 4.63 334 7.82
$30/395 9.68 0.117 1.073 4.68 82.7 9.02
530/405 9.89 0.292 1.252 4.68 339 7.90

! By spectrofluorometry, 2-nm slit width; uncorrected fluorescence.

dependence upon calcium binding. This ef-
fect is summarized in table II by values of
Rmax/R, which indicates the range of change
in indo-1 ratio observed from resting intra-
cellular calcium to saturated calcium, the
largest range of change ordinarily encoun-
tered in measurements of intact cells. As
seen in this table, a larger dynamic range in
the ratio of wavelengths is obtained if ‘blue’
emission below 485 nm is not collected and
the center of the ‘blue’ emission bandpass fil-
ter is moved upward. Similarly, the ‘violet’
bandpass filter should be chosen to mini-
mize the collection of wavelengths above
405 nm.

An increase in [Ca?*]; will be evidenced
by an increase in ‘violet’/‘blue’ ratio. If dis-
played on the flow cytometer as a bivariate
plot of ‘violet’ versus ‘blue’ signals, this
change will be observed as a rotation around
the axis through the origin. This method of
ratio analysis is cumbersome, and fortu-
nately commercial flow cytometers all have
some provision for a direct calculation and

display of the value of the fluorescence ratio
itself. For some instruments, this is per-
formed by analog circuitry (e.g., Coulter,
Becton Dickinson) and on others by digital
computation (e.g., Ortho 2150 computer,
Becton Dickinson VAX computer). In prin-
ciple, it should be of little concern how the
ratio is calculated; in practice some analog
ratio circuits are limited in their range of
acceptable inputs; for example, that the ‘vio-
let’ signal never be greater than the ‘blue’,
yielding a ratio of greater than 1. This has
prompted some users to reverse the ratio
(‘blue’/*violet’) so that a rise in calcium re-
sults in a decline in ratio; this results in an
inverted, counterintuitive display of calcium
concentration. It is instead recommended
that the ‘violet’/‘blue’ ratio be used, but that
the signal gains be initially set such that sub-
sequent rises in the ratio will not exceed the
permitted value. By either analog or digital
calculation, it is important that no artifac-
tual offset be introduced in the ratio, this can
be quickly tested by altering the excitat.ion
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power over a broad range of values in an
analysis of a nonperturbed indo-1-loaded
cell population - a correctly calculated ratio
will not show any dependence upon excita-
tion intensity. It can similarly be shown that
loading of cells with a broad range of indo-1
concentrations results in a constant value of
the ‘violet’/‘blue’ ratio {64].

The above approach results in a linear
display of indo-1 blue and violet fluores-
cence. If cellular indo-1 loading is extremely
heterogeneous, it may be desirable to work
with a logarithmic conversion of ‘violet’ and
‘blue’ emission intensities in order to ob-
serve a broader range of cellular fluores-
cence. In this case, the hardware must permit
the logarithm of the ratio to be calculated by
subtraction of the log ‘blue’ from the log ‘vio-
let’ signals [64].

Plotted as a histogram of the ratio values,
unperturbed cell populations show narrow
distributions of ratio, even when cellular
loading with indo-1 is very heterogeneous,
and coefficients of variation of less than 10%
are not uncommon [64, and shown below].
The effects of perturbation of [CaZ*]; by ago-
nists can be noted by changes in the ratio
histogram profile during sequential analysis
and histogram storage. A more informative
and elegant display is obtained by a bivariate
plot of ratio versus time. The bivariate histo-
gram can be stored, and subsequently sub-
jected to further analysis, or presentation as
‘isometric plots’ in which the x-axis repre-
sents time, the y-axis [Ca?*};, and the z-axis,
number of cells (fig. 3). Alternatively, the
data can be presented as color plots with
time on the x-axis, [Ca?*]; on the y-axis, and
number of cells displayed by pseudocolor
contouring (fig. 4). In the bivariate plot, ki-
netic changes in [Ca2*}; are seen with much
greater resolution, limited only by the num-

ber of channels on the time axis, and the
interval of time between each channel.
Changes in the fraction of cells responding,
in the mean magnitude of response, and in
the heterogeneity of the responding popula-
tion, are best observed with these displays.
Calculation of the mean y-axis value for each
x-axis time interval allows presentation of
the data as mean ratio versus time [64]. Con-
version of the ratio to [Ca?*]; (fig. 2) allows
data presentation in the same manner as tra-
ditionally displayed by spectrofluorometric
analysis, i.e., [Ca2*}; versus time. While this
presentation yields much of the information
of interest in an easily displayed format, data
relating to heterogeneity of the [Ca?*]; re-
sponse is lost. Some of this information can ~
be displayed by a calculation of the ‘propor-
tion of responding cells’ - if a threshold
value of the resting ratio distribution is cho-
sen, e.g., one at which only 5% of control
cells are above, the proportion of cells re-
sponding by ratio elevations above this
threshold versus time yields a presentation
informative of the heterogeneity of the re-
spcnse [64]. Presentation of both the mean
[Ca?*]; versus time and the percent re-
sponding cells versus time allows easy visual
comparison of results of different stimuli or
treatment.

Calibration of Ratio to [Ca?*};

Prior to the development of indo-1 and
fura-2, [Ca?*]; determination by measure-
ment of quin2 fluorescence was sensitive to
changes in intracellular dye concentration as
well as [Ca?*];, and required calibration at
the end of each individual assay by determi-
nation of the fluorescence intensity of the
dye at zero and saturating [Ca?‘]. In con-
trast, with indo-1 use of the [Ca2*]-depen-
dent shift in dye emission wavelength allows




— . e ——— - —

e @4 572 0y

416

o AT Y

June/Rabinovitch

Fig. 3. Effects of thrombin and fibronectin on
[CaZ],. Human platelets were isolated by gel filtration
and loaded with indo-1. Isometric plots of the time
course of the indo-1 violet to blue fluorescence ratio
are_plotted where the x-axis represents time, the y-
axis indo-! fluorescence ratio, and z-axis represents

the ratio of Quorescence intensities of the
dye at the two wavelengths [R) to be used to
calculate [Ca?*]:

[caz,] - Kd- (R - Rmm) SQ'
(Rmsa ~ R) Sbl

where Kd is the effective dissociation con-
stant (250 nAf), R, Ruin, and R are the
fluorescence intensity ratios of violet/blue

cell number. The platelets were equilibrated at 37°C
and analyzed ~ 500/s. At 2 min, thrombin | U/ml (A)
or fibronectin | pg/ml (B) was added. An indo-1 fluo-
rescence ratio of 1.0 corresponds to an [CaZ']; of
~ 130 nM, a ratio of 2.0 = 338 nM, a ratio of 3.0 =
680 nA and a ratio of 4.0 = 1,350 nA,

flyorescence at resting, zero, and saturating
[Ca?*];, respectively; and Sp/Ss; is the ratio
of the blue fluorescence intensity of the cal-
cium-free and bound dye, respectively [23].
Because this calibration is independent of
total intracellular dye concentration and in-
strumcental variation in efficiency of excita-
tion or emission detection, it is not necessary
to measure the fluorescence of the dye in the
calcium-free and saturated states for each
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Fig. 4. Measurement of {Ca?]; in HIV-infected
(B, D) and uninfected (A, C) T cells. CD4* T cells
were purified, activated, and infected with HIV. On
day 19 after infection, HIV-infected cells or unin-
feeiad cells from companion cultures were loaded
with indo-1, stained with PE CD8 antibody, and stim-
ulated with optimal amounts of CD3 monoclonal
antibody (A, B) or CD2 monoclonal antibody (C, D).
The indo- | ratio of violet and blue fluorescence (pro-

Pathol Immunopatho! Res, vol. 7

Time (min)

portional 1o [Cal'})) was digitally calculated in real
time for each individual non-PE-fluorescent (i.e. CD4)
cell and is shown on the y-axis versus time on the x-
axis. The results are displayed on a 100 X (00 pixel
grid oh which the number of cells per pixel is repre-
sented by a 16-color progression following an exponen-
tial function where 0-1 ¢clls are assigned a color of
black, 2-10 cells shades of blue, 11~-80 cclls shades of
green, and 81-600 cells shades of yellow to red.

S. Karger, Basel
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individual assay. In principle, it is sufficient
t -alibrate the instrument once after set-up
«nd tuning by measurement of the constants
R mav Rmins Sﬁ and S,,, after which only R is
measured for each subsequent analysis on
that occasion.

One strategy to obtain the Ry and Ryiq
values for indo-! is to lyse cells in order to
release the dye to determine {luorescence at
zero and saturating [Ca?'};, as carried out
with quin2. However, this is not possible
with flow cytometry, due to the loss of cellu-
lar fluorescence. Anothefstrategy is the use
of an ionophore to saturate or deplete
[Ca?*);, in order to allow approximation of
the true endpoints without cell lysis. For this
approach, the ionophore ionomycin is best
suited, due to its specificity and low fluores-
cence. When flow cytometric quantitation of
fluorescence from intact ceils treated with
ionomycin or ionomycin plus EGTA was
compared with spectrofluorometric analysis
of lysed cells in medium with or without
EGTA, the indo-! ratio of unstimulated cells
(R) and the ratio at saturating [CaZ*], Rpay,
were similar by both techniques [64]. The
latter indicates that ionomycin-treated cells
reach near-saturating levels of [Ca?*];. The
value of Rpi,, which can be obtained by
treatment of cells with tonomycin in the
presence of EGTA, however, is substantially
higher than either that predicted from the
spectral emission curves [23] or that ob-
tained by cell lysis and spectrofluorometry.
Spectrofluorometric quantitation with either
quin2 or indo-1 indicates that [Ca®'}; re-
mains at approximately 50 nM in intact cells
treated with ionomycin and EGTA. Thus,
due to the inability to obtain a valid flow
cytometric determination with calcium-free
dye, we have used for calibration the values
of Rmin and Sy or Sp; derived from spectro-

fluorometry, either of the indo-1 pentapotas-
sium salt or after lysis of indo-1-loaded cells
in the presence of EGTA. It is essential that
the same optical filters be used for flow
cytometry and spectrofluorometry, since the
st.ndardization is very sensitive to the wave-
lengths chosen. To illustrate typical values of
Rmaxs Rmin, R and Sp/Sy,, examples of these
values are shown for different emission
wavelength combinations in table II.

As an alternative to the use of a spectro-
fluorometer, a procedure which may be cum-
bersome or the instrument unavailable,
Parks et al. [57] have proposed that the flow
cytometer may be used as a spectrofluorom-
eter with minor modification. In essence, the
fluorescence of a steady stream of dye is
measured by the photomultiplier and the
photomultiplier voltage is analyzed as in a
standard spectrofluorometer, or converted
to a pulse for processing by the flow cytom-
eter. With this technique it should be possi-
ble to determine all constants of indo-1 on
the flow cytometer necessary for direct cali-
bration.

Chused et al. [13) have suggested that a
cocktail of ionomycin, nigericin, high con-
centrations of potassium, 2-deoxyglucose,
azide and carbonyl cyanide m-chlorophenyl-
hydrazone can be used to collapse the cal-
cium gradient to zerc, and therefore, that
[Ca?*); = [Ca?*],. However, as mentioned
above, it is not possible to obtain R, using
this technique, and therefore, calibration

"must be based upon a regression formula

that relates R to ionomycin-treated cells sus-
pended in a series of precisely prepared cal-
cium buffers. Thus, this technique allows
one to estimate [Ca2*]; without the need to
determine R,,in, Sp2 or Sp; although it is sub-
ject to the limitations that calcium concen-
trations that are less than those found in rest-
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ing cells cannot be quantitated [13]. Accu-
racy of pr liction of Ca?* in brffer solutions
is dependent upon a variety of interacting
factors [10), so that care must be exercised in
this aspect of this approach.

If, for a particular cell type loaded with
indo-1, the values of R and R, obtained by
flow cytometry are in good agreement with
the values obtained by spectrofluorometry,
then it would be unlikely that the dye isin a
compartment inaccessible to cytoplasmic
Ca?*, in a form unresponsive to [Ca?*}; (e.g.,
still esterified) or in a cytoplasmic environ-
ment in which the spectral properties of the
dye were altered. With regard to the second
condition, it has been proposed that since
indo-1 fluorescence, but not that of the indo-
| ester, is quenched in the presence of mM

. concentrations of Mn?*, that Mn?* in the

presence of ionomycin can be used as a fur-
ther test of complete hydrolysis of the indo-1
ester within cells [48].

Even if careful calibration of the fluores-
cence ratio to {Ca?*]; is not being performed
for a particular experiment, ordinary quality
contro!l should include a determination of
the value of the indo-1 emission ratio in the
presence and absence of ionomycin, i.e.
Rmax/R. Examples of the values of this pa-
rameter are shown in table I1. Unperturbed
cells will usually be found to have a repro-
ducible value of [Ca?*];, and day-to-day opti-
cal variations in the flow cytometer are
usually minimal (with the same filter set),
thus a limited range of Ry, /R values should
be obtained over a series of experiments.

Simultaneous Analysis ¢/ [Ca?*]; and

Other Fluorescence Parameters

Although the broad spectrum of indo-1
fluorescence emission will likely preclude
the simultaneous use of a second UV-excited

dye, the use of two or more excitation
sources allows additional information to be
derived from visible light-excited dyes. Per-
haps the most common application will be
determination of cellular immunophenotype
simultaneously with the indo-1 assay. This
allows alterations in [Ca?*}; to be examined
in, and correlated with, specific cell sub-
sets.

Use of the most common fluorescent anti-
body conjugate, FITC, requires excitation at
488 nm. If indo-1 ‘blue’ fluorescence is de-
tected in a range which includes this wave-
length, then scattered light from the 488-nm
laser may interfere with accurate indo-1
quantitation, the extent of this problem
varying with instrumental design. The prob-
lem can be avoided by using a higher wave-
length for indo-1 ‘blue’ detection, moving
into the blue-green or even green, as shown
in table II. Excellent results can, in fact, be
obtained by using the same interference fil-
ter for FITC and indo-1 detection making
use of the temporal and/or spatial separation
of the respective emissions [64}. If phycoery-
thrin (PE)-conjugated antibody probes are
used, then the user may have the choice of
excitation at 488 nm, 514nm, or even
531 nm (with a Krypton ion laser).

Combining the use of FITC, PE and in-
do! analysis allows determination of [Ca2*);
in complex immunophenotypic subsets. On
instruments without provision for analysis
of four separate fluorescence wavelengths,
detection of both FITC and the higher indo-
1 wavelength with the same filter element
may allow successful implementation of
these experiments. Gating the analysis of
indo-1 fluorescence upon windows of FITC
versus PE fluorescence allows information
relating to each identifiable cellular subset to
be derived from a single sample.
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There is an important caution in the use
of simultaneous [Ca?*]; and immunofluores-
cence analysis relating to the possibility that
use of the antibody probe can itself alter the
results obtained in the indo-1 assay. It is
becoming increasingly clear that binding of
mAb to cell surface proteins can alter [Ca2+];,
even when these proteins are not previously
recognized as part of a signal transducing
pathway [3, 29, 31, 40, 58, 59, 64]. For
example, antibody binding to CD4 will re-
duce CD3-mediated [Ca?*]; signals; if the
anti-CD4 mAb is cross-linked, as with a
goat-anti-mouse immunoglobulin, the CD3
signals are augmented [40, 42]. Antibody
binding to CD8 has similar effects [unpubl.
data].

As a consequence of these concerns, we
have used a reciprocal staining strategy
whenever possible, so that the cellular sub-
population of interest is unlabelled while un-
desired cell subsets are identified and ex-
cluded from analysis by mAb staining. The
CD4* subset in PBL may be identified, for
example, by staining with a combination of
CD8, CD20, and CD11 mAbs [64], and the
CD5* subset can be identified by staining
with CD16, CD20 and anti-HLA-DR (31].
Finally, it is important when staining cells
with mAb for functional studies that the
antibodies be azide-free, in order that meta-
bolic processes be uninhibited. Commercial
antibody preparations may thus require dial-
ysis before use.

Using other probes excited by visible
light, it may be possible to analyze addi-
tional physiologic responses in cells simul-
taneously with {Ca?*];. Lazzari et al. [38]
have used the membrane potential sensitive
dye di-O-Cs(3) (excitation 488 nm, emis-
sion 562-588 nm) to monitor changes in
membrane potential in neutrophils stimu-

lated with the oligopeptide formyl-methio-
nyl-leucyl-phenylalanine (FMLP), showing
that the membrane potential changes oc-
curred just as rapidly as changes in [Ca?*);
measured simultaneously with indo-1. By
similar studies, it may be possible to ana-
lyze intracellular pH simuitaneously with
(CaZ*};.

The choice of medium in which the cell
sample is suspended for analysis can be dic-
tated primarily by the metabolic require-
ments of the cells, subject only to the pres-
ence of mM concentrations of calcium (to
enable calcium agonist-stimulated calcium
influx) and reasonable buffering. The use of
phenol red as a pH indicator does not impair
the detection of indo-1 fluorescence signals. -
Although the new generation of Ca?* indica-
tor dyes are not highly sensitive to small fluc-
tuations of pH over the physiologic range
[23), unbuffered or bicarbonate-buffered so-
lutions can impart uncontrolled pH shifts. If
analysis of release of Ca2* from intracellular
stores, independent of extracellular Ca?* in-
flux is desired, addition of 5 mM EGTA to
the cell suspension (final concentration) will
reduce Ca?* from several mM to ~20nM, .
thus abolishing the usual extracellular to in-
tracellular gradient.

Regulation of the temperature of the cell
sample is essential, as transmembrane sig-
naling and calcium mobilization are temper-
ature-dependent and active processes. Most
applications will require analyses at 37 °C. If
cells are allowed to cool before they flow past
the laser beam, [Ca?*); response will be af-
fected, so that either the sample input tubing
should be warmed, or narrow-gauge tubing
and high flow rates (e.g., =50pul sam-
ple/min) should be used to keep transit times
from warmed sample to flow cell mini-
mized.
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Sorting on the Bases of [Ca?*], Responses

The ability of the flow cytometric analysis
with indo-1 to observe small proportions of
cells with different {Ca2*); responses than the
majority of cells suggests that the flow cy-
tometer may be useful to identify and sort
variants in the population for their subse-
quent biochemical analysis or growth. Re-
sults of artificial mixing experiments with
Jurkat and K562 T- and myeloid leukemia
cell lines indicated that subpopulations of
cells with variant [Ca?*); comprising <1%
of total cells could be accurately identified
[64). Goldsmith and Weiss [22] have re-
cently reported the use of sorting on the basis
of indo-1 fluorescence to identify mutant
Jurkat cells which fail to mobilize [Ca?*]; in
response to CD3 stimulus, in spite of the
expression of structurally normal CD3/Ti
complexes. The variant was cloned after four
rounds of sorting cells with low {Ca?*]; after
CD3 stimulation. These experiments suggest
that sorting on the basis of indo-1 fluores-
cence can be an important tool for the selec-
tion and identification of genetic variants in
the biochemical pathways leading to Cat
mobilization and cell growth and differentia-
tion.

Intracellular Applications

Calcium Homeostasis

An early study using indo-1 and flow cy-
tometry examined the distribution of {Ca?*];
in resting peripheral blood human lympho-
cytes [64]. A small coefficient of variation
(often < 10%) was found for the basal cal-
cium level; this value appears to reflect phys-
iologic variation because the instrumental
variation was only 4.5%. It is not yet known
if the basal calcium level remains constant or

if the level oscillates about the mean of the
resting level. In stimulated cells, there was
heterogeneity in the responding cells. For
example, after stimulation of peripheral
blood lymphocytes with the mitogenic lectin
PHA, only some cells responded. Some of
this heterogeneity correlated with cell sur-
face antigen expression, as CD4-positive T
cells had the highest proportion of cells re-
sponding, with less response in the CD8 cells
and least in large granular lymphocytes.
Mechanisms of calcium homeostasis in T
lymphocytes differ in several respects from B
cells. Murine T cells have a Ca2*-sensitive K+
channel that is not detectable in B cells {26],
and thus, T cells develop membrane poten-
tial hyperpolarization after calcium iono-
phore treatment {81]. In contrast, large gran-
ular lymphocytes and B cells depolarize [13,
28). There is evidence that the activity of the
calcium extrusion pump increases with
membrane depolarization and decreases
with hyperpolarization, perhaps explaining
the observation that depolarization de-
creases the Ca?* response of calcium-iono-
phore-treated T cells [26]. Recent evidence
indicates that human tonsillar B cells also
have Ca?*-sensitive K* channels [49], thus
raising the possibility that B cells have a
functional channel only at certain stages of
differentiation or that the disparate results
are attributable to species differences.

Lymphocytes

B lymphocytes were the first cells to be
studied with quin2. Pozzan et al. [61]
showed that the binding of anti-immuno-
globulin antibody to the antigen receptor of
mouse and pig lymphocytes caused an eleva-
tion of [Ca?*];. A major limitation of quin2
in that study was the high concentrations of
the indicator (~ 1 mM) that were negessary
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to load into the cells. Subsequent studies
using indo-1 or fura-2 have shown that quin2
markedly affects both the magnitude and ki-
netics of calcium transients in B cells stimu-
lated with antigen receptor cross-linking. In
more recent studies [11, 13, 90], B cells
loaded with indo-1 were shown to have tran-
sient calcium levels of approximately | pM
and essentially 100% of mature murine
splenic B cells responded to antigen. receptor
cross-linking; thus, the early studies that used
quin2 [61, 65] underestimated the true
change by 3-fold. In B cells loaded with small
amounts of indo-1 the mean calcium peaks at
~ 10 s after stimulation and then rapidly de-
clines to levels only slightly above resting
whereas studies that used quin2 showed a
delay in the onset of the reaction and a blunt-
ing of the response. Finally, a study using
fura-2 with digital microscopy has shown that
under certain circumstances, anti-immuno-
globulin stimulation of B cells produces re-
petitive, transient oscillations of {Ca?*); rath-
er than sustained elevations of [Ca?']; {89].
One function of mature T cells is to kill
foreign or virus-infected cells. Mentzer et al.
[53] have used indo-1 and flow cytometry to
show that calcium mobilization occurs in the
effector T cells during the lytic stage of kill-
ing but not during the adhesion stage. Using
fura-2 and digital imaging microscopy, Poe-
nie et al. [60] have surprising results which
indicate that the calcium mobilization ap-
pears to initiate in the effector cell at a point
in the cell that is located on the opposite pole
of the cell with respect to the target cell.
The calcium mobilization in B cells is ini-
tiated by polyphosphoinositide degradation
and is predominantly derived from intracel-
lular stores; depletion of extracellular cal-
cium from the medium has little effect on
the peak response after antigen receptor liga-

tion. The pattern of response varies depend-
ing on the type of receptor that is stimulated;
in small resting murine B cells, cross-linking
the IgD (delta) receptor causes a brief re-
sponse onset at ~ 5 s that reaches high mag-
nitude while stimulation of IgM (mu) recep-
tors causes a reaction of later onset, lower
magnitude and is more prolonged [13]. The
molecular basis for this difference in calcium
signalling by the two classes of B cell antigen
receptors remains unexplained.

The cross-linking of surface immunoglob-
ulin with Fc receptors for Ig on B cells inhib-
its phospholipid degradation and calcium
mobilization when compared to that ob-
served after ligation of the B cell receptor (by
F(ab)y’'2 anti-immunoglobulin antibodies)
that is independent on the Fc receptor {90).
Similarly, the binding of monoclonal anti-
bodies to the CD19 (‘B4’) antigen inhibits
proliferation induced by anti-immunoglobu-
lin antibodies; the increase in [Ca?*]; that is
induced by cross-linking the B cell antigen
receptor is also inhibited by CDI9 anti-
bodies [58]. Phorbol esters, presumably
through the activation of protein kinase C,
can also inhibit anti-immunoglobulin-in- .
duced calcium signalling [68]. Current mod-
els propose that the antigen receptor is cou-
pled to phospholipase C through G proteins,
and that regulation (‘desensitization’) of this
coupling accounts for the above differences
in calcium signalling, and presumably, may
serve to explain antigen-induced B cell pro-
liferation and induction of B cell tolerance.
Current evidence strongly indicates that cal-
cium mobilization may be necessary for an-
tigen-induced B cell activation. There is evi-
dence, however, that very low concentra-
tions of antigen may activate B cells to pro-
liferate in the absence of detectable calcium
mobilization [11], and that not all forms of
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lymphocyte activation involve measurable
changes in Ca?* [39]. Stimulation of cells
with 1L-4 (BSF-1) and lipopolysaccharide
(LPS) appears to be independent of the cal-
cium signalling system [32], although the low
molecular weight form of B cell growth fac-
tor (and not IL-1 1L-2, G-CSF or GM-CSF)
is able to cause or potentiate antigen-recep-
tor-induced calcium mobilization in human
tonsillar B cells and in some leukemic cells
(45].

The T cell antigen receptor consists of a
heterodimeric complex composed of either
alpha/beta chains or gamma/delta chains [re-
viewed in 27]. The receptor is noncovalently
coupled to the CD3 complex, a nonpoly-
morphic structure that consists of at least §
polypeptides. Antigen recognition occurs
through the T cell receptor and it is thought
that signal transduction occurs through the
CD3 complex [reviewed in 87]. Initial stud-
ies indicate that the binding of monoclonal
antibody to the gamma/delta T cell receptor
is able to initiate signal transduction that is
indistinguishable from alpha/beta T cells
(56].

The mechanism by which perturbation of
the CD3 complex by monoclonal antibodies
generates signal transduction remains un-
known. Elegant studies by van Lier et al. [82]
using isotype switch variants of a CD3 anti-
body indicate that the isotype of the anti-
body influences calcium mobilization inde-
pendent of the CD3 epitope, perhaps
through altered binding affinities for the
CD3 complex, although the importance of
antigen cross-linking could not be evaluated
in that study. Thus it is possible that it is not
the isotype of the antibody per se that deter-
mines the efificiency of calcium mobiliza-
tion, but rather the amount of cross-linking
that is achieved by the antibody due to many

variables, such as the amount of aggregates
in the antibody preparation, valency of anti-
body binding, binding to Fc receptors, etc.
In studies using indo-1 in T cells, it was
found that cross-linking of CD2, CD3, CD4,
CDS, CD8, CD28, and MHC class I mole-
cules all can cause calcium mobilization that
involves phosphoinositide turnover, while
perturbation of other surface molecules such

“as CD7, CDI1, CD25 and CD45 does not

cause calcium mobilization [20, 31, 40].
Most, if not all of the molecules that cause
calcium mobilization are members of the
immunoglobulin gene superfamily. This is a
property that may confer some signalling ca-
pacity since the surface structures not associ-
ated with calcium mobilization are not re-
lated to immunoglobulin molecules.

In both B and T cells cross-linking of the
antigen receptor enhances signal transduc-
tion. For example, in murine B cells, the
binding of multimeric anti-delta immuno-
globulin antibody results in a 3-log shift in
the dose-response curve to elicit calcium mo-
bilization compared to monomeric anti-
delta immunoglobulin antibody {I1]. In T
cells, Fab’2 bivalent CD3 antibodies are re-
quired for protein kinase C membrane trans-
location whereas Fab (monovalent) anti-
bodies are ineffective [41] and the binding of
immobilized CD3 antibodies rather than
fluid phase antibodies substantially prolongs
membrane translocation of protein kinase C
[52). The mitogenic effects of monoclonal
antibody ligation of antigen receptor is
strongly enhanced by coupling the antibody
to a solid support, presumably through pre-
vention of receptor internalization and en-
hanced signal transduction [40-42]. There is
some evidence that the cytoskeleton is in-
volved in the regulation of cytoplasmic cal-
cium. For example, treatment of lymph'o-
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cytes with cytochalasins can either directly
cause calcium transients or potentiate sig-
nals initiated by other ligands {4, 78].

Several molecules on the surface of mu-
rine and human T cells enhance signal trans-
duction and may serve to augment or sustain
proliferation initiated by the antigen recep-
tor {reviewed in 87]. The CDS5 molecule is
found on human T cells and a subset of B
cells and is defined by monoclonal anti-
bodies such as OKTI and Leul, and on mu-
rine cells by Lyl. While not mitogenic them-
selves, the binding of monoclonal antibodies
to the CD5 molecule augments CD3-in-
duced T cell proliferation and increases both
intracellular ionized calcium concentration
and IP3 production over that caused by CD3
alone [31]. In contrast, antibodies to the
CD2 (E-rosette receptor, T11) molecule are
mitogenic for T cells in the presence of acces-
sory cells. CD2 antibodies cause calcium
mobilization in T cells that is distinct from
that after T cell receptor/CD3 stimulation
[30]). The CD2 signal is delayed in onset and
prolonged in duration when compared to
CD3 stimulation, and furthermore, the CD2
signal also occurs in large granular lympho-
cytes, cells that are CD3 negative. The CD2
signal in T cells (but not LGL) requires cross-
linking to be effective; either stimulation by
two antibodies against distinct epitopes of
the CD2 molecule [30] or by cross-linking of
one CD2 antibody by use of an anti-
immunoglobulin [40]. Interestingly, the
binding of sheep red cells to T cells via inter-
action of CD2 and LFA-3 also increases cal-’
cium in T ceils {44], suggesting a possible
mechanism of T cell activation in the thy-
mus where presumably the thymic epithelial
cell would bind to CD2 {75].

The role of calcium signalling in T cell
maturation is being explored. T cells acquire

antigen specificity and selection for self ma-
jor histocompatibility antigen reactivity (‘re-
striction’) by a complex, partially under-
stood process that occurs in the thymus in-
volving multiple antigen receptor genomic
recombination events. Immature thymo-
cytes (CD2* CD3- CD4- CD8") progress to
an intermediate stage of differentiation
(CD2+ CD3* CD4* CD8*). In the final stage
of maturation, the double positive cells de-
velop the mature T cell phenotype of either
CD2+ CD3* CD4* CD8- or CD2¢ CD3*
CD4- CD8* single positive cells. Cells at the
earliest stage of CD3 expression (‘double
positive’ cells) are capable of transmem-
brane signalling after ligation of the CD3
complex [19, 25, 86], however, consequences
of the signal differ in that single positive cells
express the IL-2 receptor, secrete IL-2 and
proliferate after CD3 stimulation while dou-
ble positive cells do not. There are qualita-
tive differences between immature and ma-
ture thymocytes in the pattern of calcium
mobilization. After antigen receptor stimula-
tion, immature thymocytes have less trans-
membrane calcium influx than mature cells
{19]. Intracellular calcium mobilization is
similar in both immature and mature thy-
mocytes [19]. These results suggest that im-
mature T cells have fewer calcium channels
or that the channels are less efficiently acti-
vated after antigen receptor ligation.

The use of flow cytometry with indo-1 has
allowed the correlation of surface antigen
expression with calcium mobilization. For
example, after CD2 (T11) stimulation of pe-
ripheral blood lymphocytes, it was found
that both CD3* T cells and CDi6* CD3-
large granular lymphocytes (LGL) mobilized
calcium; and after CD3 (antigen-specific)
stimulation, more than 90% of T cells re-
sponded, and as was expected, LGL did not
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respond [30]. The pattern of the calcium sig-
nal after CD2 stimulation differed in that
calcium mobilization in LGL was early in
onset and low in magnitude while in T cells,
the calcium signal was delayed and high in
magnitude. After CD3 stimulation of T cells,
the kinetics of calcium mobilization is cor-
related with surface antigen expression.
Among the CD4 subset, the response is more
rapid in the LFA-3-positive subset than in
the CD45R* (Leul8, 2H4) subset [64]). Sub-
sequent studies have revealed that the LFA-3
subset is composed of T cells with memory
function while the CD4SR* cells are naive T
cells [69]. -

The heterogeneity of the response to CD3
stimulation of lymphocytes that express the
CD8 antigen is shown in figure2. In an
experiment using four colors, peripheral
blood lymphocytes were loaded with indo-1
and then stained with PE-labelled CD8 and
fluorescein-conjugated CD16 antibodies.
The cells were stimulated with CD3 anti-
body and the calcium response correlated
with surface phenotype. In cells expressing
the CD8 antigen, the response to CD3 stim-
ulation was confined to cells that are CD16
negative while the response of the CD16-
CD8dim_positive and CD16- CD8b"ight-posi-
tive cells differed slightly in the rate of return
to baseline [Ca2*};.

In contrast to T lymphocytes, in human B
cells after stimulation by anti-immunoglobu-
lin, only ~ 50% of cells respond. The CD22
antigen is expressed on a subset of 60-80%
of mature B cells, and it was found that all
cells responding to anti-immunoglobulin
stimulation could be accounted for by cells
having the phenotype of IgD* IgM* CD22+
while cells having the phenotype IgM*
CD22- did not respond [59]. Thus, the pres-
ence of CD22 rather than of antigen receptor

correlates with calcium mobilization after
anti-immunoglobulin stimulation, suggest-
ing that the antigen receptor is in some way
uncoupled from signal transduction in a sub-
set of B cells. Heterogeneity in [{Ca2*]; sig-
nals, as in the response of human lympho-
cytes to CD2 and anti-immunoglobulin
stimulation, would have been impossible to

.discern in conventional assays carried out in

a fluorometer where only the mean calcium
response is recorded.

Monocytes

In studies using quin2, platelet-activating
factor has been found to be a potent media-
tor of calcium transients in adherent macro-
phages [15]. On the other hand, other agents
known to activate macrophages such as f-
MLP, gamma interferon and LPS do not ini-
tiate rapid calcium transients [7, 15, 24] and
only small changes in monocyte intracellular
calcium concentration occur in response to
the lectin concanavalin A (Con A) {73]. In
contrast, large changes in calcium concentra-
tion occur in lymphocytes after Con A stim-
ulation and in neutrophils after -MLP stim-
ulation, and since monocytes bind both Con
A and -MLP and exhibit biologic responses
to these agonists, this implies that mono-
cytes predominately utilize an alternative
signalling pathway [24]. There are other ex-
amples where the same ligand can bind to
receptors that are coupled to different sig-
nalling pathways; for example, vasopressin
can bind to V1 receptors and activate a cal-
cium pathway or it can bind to V2 receptors
and cause the production of cAMP via acti-
vation of adenyl cyclase. In both human and
murine macrophages, the binding of anti-
body to the receptor for the Fc portion of
immunoglobulins can initiate rapid in-
creases in cellular calcium, although ll|1is
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area is controversial, in part perhaps because
there are as many as four distinct Fc recep-
tors' on monocytes [50, reviewed in 24].
Thus, regulation of cellular calcium concen-
tration in mononuclear phagocytes is com-
plex and only partially understood. In stud-
ies using indo-1 and flow cytometry, leuko-
triene D4 has been shown to increase cyto-
solic calcium in differentiated HL-60 cells, a
leukemic cell line that has characteristics of
monocytes {5]. Studies of calcium metabo-
lism in resting, nonadherent monocytes have
not been reported, and could readily be ac-
complished using flow cytometry and in-
do-1. N

Neutrophils

A study performed on bulk preparations
of rabbit neutrophils loaded with indo-1 re-
vealed a biphasic or triphasic calcium re-
sponse after stimulation with the chemotac-
tic agent f~-MLP [12]. The initial response
consisted of elevated calcium derived from
intracellular sources, and as the cytoplasmic
calcium concentration returns towards base-
line levels, a second increase in calcium oc-
curred that was dependent on the presence
of external calcium in the medium. Lazzari
et al. [38] reported the first application of
flow cytometric analysis of neutrophils using
indo-1. As mentioned in a preceding section,
this analysis was performed simultaneously
with measurement of membrane potential.
These authors observed a rapid uniphasic
[Ca?*}; response of neutrophils to f-MLP
over a broad range of f-MLP concentrations.
Interestingly, the membrane potential
changes were biphasic at intermediate f-
MLP concentrations, with hyperpolarization
followed by depolarization. To reconcile the
differences in the above observations of
[Ca?*}; it will be important to exclude com-

partmentalization of indo-1 as an artifactual
cause of the biphasic calcium response,
given the known difficulty of loading neutro-
phils with fura-2 [71]. The growth factors
GM-CSF and G-CSF do not appear to cause
calcium mobilization in neutrophils [77].

Platelets

The indo-1-based flow cytometric assay
of cells as small as platelets is eminently fea-
sible. Davies et al. {16] found heterogeneity
in the response of platelets to thrombin stim-
ulation. At low doses of thrombin, the re-
sponse consisted of a large Ca?* rise in a sub-
population of cells and a second population
of platelets that failed to respond, whereas at
high doses of thrombin, all cells responded.”
We have found that fibronectin is a potent
calcium agonist for platelets, giving a differ-
ent pattern of [Ca2*]; response than throm-
bin. In figure 3, isometric plots of indo-1-
loaded platelets are shown. Fibronectin re-
cruits essentiaily all platelets and the re-
sponse is more sustained than after stimula-
tion by thrombin [Nugent and Rabinovitch,
unpubl. observations]. In the case of fibro-
nectin, the addition of FITC-fibrorectin -
showed that all platelets that had bound de-
tectable amounts of FITC-fibronectin had
elevated calcium levels, although not all celis
with high calcium levels had detectable fi-
bronectin bound, suggesting that the thresh-
old for fibronectin-induced calcium mobili-
zation is less than that detectable by FITC
fluorescence. It remains to be determined

‘whether a population of platelets exhibits

differential thresholds for a response to an
agonist based upon different requirements
for receptor occupancy or whether all plate-
lets respond and that the nature of the ob-
served heterogeneity is due to oscillatory
changes in Ca?. ,

1
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Potential Clinical Applications

Several applications of cytosolic calcium
measurement that have direct clinical rele-
vance have been reported and many can be
envisioned (table III). It is possible that the
measurement of cytoplasmic-free calcium
may be useful for the diagnosis of several
diseases. For example, malignant hyperther-

mia (MH) is a genetic disorder that confers.

susceptibility to potentially lethal adverse
reactions to certain anesthetics. Patients are
generally asymptomatic until they require
anesthesia, and therefore, a screening
method to detect the disorder in family
members of known patients with MH would
be useful. It has recently been reported that
lymphocytes from these patients exhibit ex-
aggerated calcium flux after treatment with
-the anesthetic halothane [34, 35], and if
these results are confirmed, the flow cyto-
metric assay with indo-1 would be ideal to
identify asymptomatic family members with
MH. Cystic fibrosis is much more common

Table 111, Potential clinical applications of cylo-
solic calcium measurement

Application Ref.
Congenital disorders
Cystic fibrosis 72,74
Disorders of signalling molecules
Immune deficiencies 6
Malignant hyperthermia 34

Manic-depressive illness

Acquired disorders
Acquired immune deficiency syndrome 47
Allograft rejection 36
Azotemia 54
Determination of histocompatibility
Graft-versus-host disease
Lambert-Eaton myasthenic syndrome 33
Senescence 54, 62

than MH, and a defective chloride channel
was reported in fibroblasts from patients
with cystic fibrosis [46]. In studies using
quin2, basal free calcium levels from lym-
phocytes of patients with cystic fibrosis have
been reported to be lower than controls [72),
and it is possible that a test for carriers could
be devised using the more sensitive indo-!
technique [74, 83]. The Lambert-Eaton syn-
drome (LES) is an autoimmune disorder that
results in muscle weakness due to antibodies
against motor nerve terminals. It was re-
cently reported in fura-2-loaded cells that
serum from patients with LES could block
voltage-gated calcium channels [33]. Manic-
depressive illness is a heritable psychiatric
illness. The primary agent for the treatment
of manic depression is lithium chloride, and
as lithium inhibits an enzyme in the phos-
phoinositide cycle, it has been proposed that
manic depression is a disorder of phospho-
inositide metabolism in the central nervous
system [9]. One disorder of ccllular signal-
ling in the immune system has been de-
scribed, congenital absence of the CD3 mol-
ecule [6], and it is likely that other disorders,
perhaps involving G proteins, will be de-
scribed in the near future.

The measurement of cellular calcium has
proved useful in the investigation of the
pathogenesis of certain acquired disorders of
the immune system. There is a decline in
immune function with aging, and in mice,
calcium signalling in splenic lymphocytes af-
ter lectin stimulation or after anti-CD3 stim-
ulation is substantially less vigorous in aged
mice compared to young mice [55, 62]. Age-
associated reductions in the [Ca2*]; response
of human T cells to PHA or anti-CD3 stim-
ulation are modest, however, and are present
only in the CD4* subset [Grossman and
Rabinovitch, unpubl. data), and thus, the
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role of impaired signalling in senescence
of the immune system requires further
study.

"We have recently found that infcction
with HIV-1, the pathogenic retrovirus that
causes the acquired immunodeficiency syn-
drome (AIDS), causes a profound signalling
defect after CD3 but not after CD2 stimula-
tion (fig. 4) [47]. There is evidence that the
CD4 (T4) molecule can transmit stimulatory
or inhibitory signals to T cells. The binding
of antibody to the CD4 molecule inhibits
mobilization of [Ca?*}; in response to simul-
taneous stimulation of the CD3 molecule. In
contrast, when anti-CD4 and anti-CD3 are
cross-linked together, calcium mobilization
is substantially higher than after CD3 stimu-
lation alone [42]. The above results provide
further evidence that cellular activation can
occur through distinct biochemical mecha-
nisms and that one mechanism of immuno-
suppression in AIDS is through an impair-
ment of antigen-specific T cell signalling.
Similarly, patients with kidney failure ap-
pear to have a defect in CD3-induced T cell
proliferation [54). Cellular calcium levels
have been reported to be elevated in patients
after kidney transplantation [36], and thus
the measurement of calcium may be useful
in monitoring patients for allograft rejection.
Interestingly, immunosuppressants such as
ciclosporin and corticosteroids do not inter-
fere significantly with calcium signalling in T
cells [67], although corticosteroids do cause
a moderate reduction of antigen receptor-
induced calcium flux in murine B cells.
{171.

Limitations

There are several limitations to the flow
cytometric assay of cellular calcium concen-
tration. First, certain problems attributable

BRI ¥ B R

to the use of fluorescent indicators have been
mentioned. In some cells indo-1 will not load
uniformly into cells, or may not be uni-
formly hydrolyzed to the calcium-sensitive
moiety. Quin2 has been reported to block
calcium efflux in squid axons (1], and it is
possible that indo-1 may have similar ef-
fects, although this would be expected to be
less of a problem due to the much lower con-
centrations of indo-1 that are required to
attain a satisfactory fluorescent signal from
cells. Similarly, quin2 has been reported to
be mitogenic in certain cells and to alter cer-
tain cellular functions [37), although this has
not as yet been observed in indo-l-loaded
cells {13, 64]. Second, there are limitations
imposed by the nature of the flow cytometric
assay system. Flow cytometry is unable to
detect heterogeneity of cellular calcium con-
centrations within a single cell, and there are
reports from assays using digital video mi-
croscopy that in some situations, calcium
transients may be compartmentalized [60,
88]. The use of the photoprotein aequorin
may in some circumstances detect changes
in cytosolic calcium not reported by indo-1
[85], although use of the two indicators is
complimentary because aequorin cannot
measure Ca?* in single cells. In addition,
there is evidence that calcium elevations oc-
curring after cellular stimulation may be os-
cillatory rather than sustained (2], thus rais-
ing the possibility that some cellular pro-
cesses controlled by calcium may be fre-
quency modulated as well as amplitude
modulated. Since flow cytometry cannot
measure the calcium concentration inside a
single cell as a function of time, it is not pos-
sible to distinguish between a population of
cells that is responding with an oscillatory
response or alternatively, whether there are
two subpopulations of cells, one that has ele-
]
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vated calcium concentration and one that
has basal levels.

In spite of these limitations, flow cyto-

metric analysis with indo-1 offers great prac-
tical advantages and allows measurements of
a kind not readily possible by alternative

tec

L]

hniques.
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